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We report neutron scattering measurements of spin density wave order within the superconducting 
state of a single crystal of predominately stage-4 La2Cu04+;, with a rc(onset) of 42 K. The low 
temperature elastic magnetic scattering is incommensurate with the lattice and is characterized by 
long-range order in the copper-oxide plane with the spin direction identical to that in the insulator. 
Between neighboring planes, the spins exhibit short-range correlations with a stacking arrangement 
reminiscent of that in the undoped antiferromagnetic insulator. The elastic magnetic peak intensity 
appears at the same temperature within the errors as the superconductivity, suggesting that the two 
phenomena are strongly correlated. These observations directly reveal the persistent influence of 
the antiferromagnetic order as the doping level increases from the insulator to the superconductor. 
In addition, our results confirm that spin density wave order for incommensurabilities near 1/8 is a 
robust feature of the La2Cu04-based superconductors. 



PACS numbers; 74.72.Dn, 75.10.Jm, 75.30.Fv, 75.50.Ee 



I. INTRODUCTION 

In the copper-oxide superconductors, the multiple roles 
played by the electrons continue to defy a comprehen- 
sive theoretical understanding. As carriers of both spin 
and charge, the strongly interacting electrons are respon- 
sible for both the unconventional microscopic magnetic 
behavior and the unusual macroscopic electronic prop- 
erties of the doped cuprates. Localized antiferromag- 
netism is a dominant feature of the cuprate phase dia- 
gram at low doping levels, while conventional itinerant- 
electron behavior appears to obtain in the overdoped, 
non-superconducting regime. The intermediate doping 
levels are dominated by neither, and this is where high- 
temperature superconductivity occurs. Over the past 
decade, experimental probes such as nuclear magnetic 
resonance (NMR), muon spin resonance (/iSR), and neu- 
tron scattering have revealed a fascinating interplay be- 
tween the spin fluctuations and the superconductivity 
in the lamellar copper-oxides. In particular, neutron 
scattering experiments have conclusively shown that dy- 
namic antiferromagnetic correlations are a robust feature 



of the jCmprates in both the superconducting and normal 
states.ErEl 

Additionally, it is becoming increasingly apparent that 
incommensurate spin fluctuations are universal to the 
high Tc superconductors. The low-energy magnetic exci- 
tations in La2-a;Sra;Cu04+j, superconductors have been 
extensively studied, and the observed spin fluctuations 
are characterized by waYgvectors which are incommen- 
surate with the latticeotl These modulated spin fluc- 
tuations persist in both the normal and superconduct- 
ing states, with a suppression of their intensity occur- 
ring below Tc- Yamada and coworkersa have shown 
in La2_a;Sra;Cu04 that the incommensurability 5 in- 
creases progressively with the doping level for x > 0.05 
with the simple empirical relation (5 ~ x, but satu- 
rates near a value of 5 ~ 1/8 above a doping level of 
X ci 1/8. Recently, incommensurate magnetic scattering 
has been seen in superconducting YBa2Cu306+2; with 
the explicit incom|mensurabilities consistent with those 
in La2-a:Sra;Cu04Jj There still exist several competing 
models to explain the spatially modulated spin correla- 
tions, with plausible explanations ranging from spin-flip 



electron scattering across the Fermi surfaceCnj to fluctu- 
ating stripes of antiferromagnetic spins in ajiiicroscopi- 
cally phase-separated doped Mott insulatoill3"ll3. 

Much recent interest has focused on the observa- 
tion of static incommensurate magnetic ordering which 
coexists with superconductivity in certain La2Cu04- 
based systems. InLai.6-xNdo.4Sr2:Cu04, Tranquadaand 
coworkersEj have found evidence for a static ordering of 
charge and spin with an incommensurate modulation. 
They propose a picture of antiferromagnetically ordered 
stripe regions separated by charged doniaJH-|Walls which 
act as magnetic antiphase boundaries .113113 The three 
Lai.6-a;Ndo.4Sra;Cu04 samples studied with x = 0.12, 
0.15, and 0.20 all exhibit elastic incommensurate mag- 
netic peaks with onset temperatures of ~ 50 K, 44 K, 
and 15 K, respectively. For the x = 0.12 sample there 
is also evidence for charge ordering with a somewhat 
higher onset temperature. The incommensurabilities of 
the static magnetic order are consistent with the dynamic 
spin fluctuation incommensurabilities measured by Ya- 
mada et alu in samples of La,2-xSrxG'nQ4, that is, with- 
out Nd^+ co-doping. Subsequent worktil has shown that 
in the x = 0.12 sample, Lai.48Ndo.4Sro.i2Cu04, the cor- 
relation length reaches its maximum value of ^200 A be- 
low -30 K. The x = 0.12, 0.15, 0.20 samples are all su- 
perconducting with onset Tc's of ~ 4 K, 11 K, and 15 K, 
respectively; here each Tc is reduced with respect to its 
value in the absence of Nd^+ co-doping. This reduction 
of the superconducting Tc's in Lai.g_2:Ndo.4Sr2;Cu04 is 
believed to have the same origin as the suppressed siu 
perconductivity in La2-xBa3;Cu04 with x near 0.125.t3 
Both systems are tetragonal below ~70 K, in contrast 
to La2_2:Sr2:Cu04 which retains the orthorhombic struc- 
ture down to the lowest temperatures measured. Noting 
that the Lai.6-xNdo.4Sra;Cu04 samples with the largest 
magnetic order parameters also have the lowest super- 
conducting Tc's, Tranquada et al. posit that the static 
stripe ordering and the superconductivity compete with 
each other. In addition, they speculate that the low tem- 
perature tetragonal (LTT) phase is essential for the static 
magnetic order in the superconductors. Indeed, /iSR ex- 
periments have detected the reemergence of magnetic 
ordering in La2-2:Baa:Cu04 and Lai.6-2:Ndo.4Sr^Cu04 
samples at doping levels for which the superconductiv- 
ity is suppressed and the low temperature structure is 
tetragonal.E30 

Experiments on La2-xSr2.Cu04 show, however, that 
the existence of the LTT structural phase is not a nec- 
essary condition for the appearance of static magnetic 
order. Based on their NMR studies of La2-KSr^Cu04 
{x^ 0.115) and La2_a;Ba:ECu04 {x ~ 0.125), Goto et 
alJtB conclude that magnetic order exists even in the 
absence of the LTT structure. More direct evidence 
has come from recent neutron scattering experiments on 
La2-2:Sr2;Cu04 single crystals with x = 0.10,0.12,0.13, 
all of which havje-, the low temperature orthorhombic 
(LTO) structure.E3~Ell These measurements have con- 
firmed that incommensurate spin density wave (SDW) 



order exists at doping levels near a; = 1/8 even in the 
absence of Nd2+ co-doping. In particular, the work of 
Kimura et a/.E2l shows that the most dramatic effects 
occur for the x = 0.12 sample, for which the elastic 
peak width in their measurement is resolution-limited, 
indicating a static magnetic correlation length exceed- 
ing 200 A. Surprisingly, Tc(onset) and the SDW ordering 
temperature, T^, coincide at ~31 K within the errors, 
in contrast to Lai.48Ndo.4Sro.i2Cu04, in which T™ and 
Tc are well separated. It should be noted that, simi- 
lar to the previously mentioned compounds, there is evi- 
dence that the superconductivity is .supjarnssed somewhat 
in La2_2,Sr:rCu04 for x near 0.115,BBy though not to 
the same extent as in La2-xBaa;Cu04 for x ~ 0.125. 

In view of the aformentioned studies, a fundamental 
issue needing further clarification is the universality of 
the relationship between the superconductivity, includ- 
ing any possible suppression of Tc, and the SDW order- 
ing. Although it is now clear that the LTT phase is 
not essential for the establishment of the SDW, more 
experiments are necessary to search for magnetic order- 
ing in superconducting samples which are orthorhombic 
rather than tetragonal. Additionally, further details of 
the spin structure of the magnetic order are essential to 
elucidate the basic physics of these systems and to test 
the specifics of competing models. Most importantly, 
such studies may shed light on the fundamental question 
of the appropriateness of an itinerant versus doped Mott 
insulator model for the superconducting lamellar copper 
oxides. To address these issues, we have investigated 
a superconducting single crystal of excess-oxygen-doped 
La2Cu04+y. For the La2Cu04-based superconductors, 
those doped with oxygen achieve the highest supercon- 
ducting Tc's (up to 45 K) and are beheved to possess a rel- 
atively small degree of dopant disorder .El The dopant oxy- 
gen ions are mobile down to temperatures near ^^200 K. 
Therefore, the oxygen interstitials may find their equilib- 
rium configuration and are annealed with respect to the 
other major energetics of the system, at least at 200 K; 
here, the magnetic exchange energy is J 2± 1500 K and 
the electronic bandwidth is W^ ~ 2 J. 

In this paper, we present elastic and inelastic neu- 
tron scattering data on a single crystal of La2Cu04+j, 
with a superconducting transition temperature onset of 
42 K. As we shall show, this crystal exhibits a transi- 
tion to incommensurate magnetic long-range order at a 
temperature Tm coincident within the uncertainties with 
Tc (onset) ~ 42 K. We discuss in some detail the asso- 
ciated magnetic structure. The format of this paper is 
as follows: Section 2 contains preliminary details about 
our measurements and about the characterization of our 
La2Cu04+j^ sample. The staging behavior is discussed 
in Section 3. The results of the inelastic magnetic neu- 
tron scattering experiments are described in Section 4. 
Section 5 reports elastic neutron scattering studies of the 
spin density wave ordering. Finally, Section 6 contains 
a discussion of the results, especially in the context of 
previous work. 



II. PRELIMINARY DETAILS 

In contrast to NMR and /iSR techniques, which are lo- 
cal probes, neutron scattering experiments uniquely mea- 
sure the collective behavior of spins or nuclei in a crystal. 
The magnetic scattering cross section of localized spins 
for unpolarized neutrons is directly related to the Fourier 
transform of the space- and time-dependent spin-pair cor- 
relation function. Defining the neutron energy and mo- 
mentum transfers to the spin system as w = Ef — Ei and 
Q = kf — kj, respectively, (here, we use units in which 
h = ks = 1) the inelastic neutron cross section is given 
by 
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where a,/3 = x,y,z, /(Q) is the magnetic form factor, 
and the dynamic structure factor is defined as 
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In ordered structures, for which the thermodynamic aver- 
age of the spin density appears at each lattice site, some 
portion of the scattering occurs in elastic Bragg peaks. 
The magnetic cross section for this coherent elastic scat- 
tering is 
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with Q = G, a magnetic reciprocal lattice vector, and 
^ J is a sum over the ions in the magnetic unit cell. The 
geometrical factor {6ap — QaQp) in both cross sections is 
a consequence of the dipolar interaction of the neutron 
with the spin and allows one to determine the spin di- 
rection of static and fiuctuating spins by systematically 
varying the momentum transfer Q. The imaginary part of 
the generalized susceptibility is related to the measured 
dynamic structure factor via the fluctuation-dissipation 
theorem, 
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In the case of an itinerant electron system, the mea- 
sured structure factor is related to the particle-hole exci- 
tations, 

x"(Q, w) = Ek(('^ki) - (?^k+QT)) 

X (5[S(k + Q)-S(k)-w]. (5) 



The neutron scattering experiments described in this 
paper were performed on the SPINS and BT9 triple-axis 
spectrometers located at the NIST Center for Neutron 
Research in Gaithersburg, MD, and also on the TOPAN 
triple-axis spectrometer located at the JAERI JRR-3M 
reactor in Tokai, Japan. Pyrolytic graphite (PG) crys- 
tals were used to monochromate and analyze the neutron 
energies. For the measurements on the SPINS spectrom- 
eter, cold neutrons with an incident energy of 5 meV were 
selected, and a liquid-nitrogen cooled beryllium filter was 
placed in the beam path to remove contamination from 
higher order neutron energies. For the measurements on 
the BT9 and TOPAN spectrometers, thermal neutrons 
with incident energies of 13.7 meV or 14.7 meV were se- 
lected, and a PG filter was placed in the incident beam to 
remove higher order neutron energies. The sample was 
sealed in an aluminum container in a He gas environment 
for thermal exchange. A pumped '*IIe cryostat was used 
to control temperature from 1.4 K to 300 K. 

We have, over the past few years, developed a 
reproducible method for preparing single crystals of 
La2Cu04+y that are quite large, of high purity, and with 
homogenous oxygen doping. First, a crystal of La2Cu04 
is grown by the traveling solvent floating-zone method; 
the crystal studied here has a volume of about 0.6 cm^ 
with a crystal mosaic of 0.2° half- width at half- maximum. 
In order to incorporate a large quantity of excess oxy- 
gen into the crystal, we employ an electrochemical dop- 
ing technique. Previous studies on ceramic and small 
single crystal samples oii-ija*Cu04+j, have shown that 
electrochemical oxidationc3~EJ can produce higher values 
of y than, methods involving annealing in high oxygen 
pressureES. Recently, we have reflned the technique so 
that large single crystals can be homogeneously doped, 
and thus are suitable for magnetic neutron scattering 
measuremeruts, which require large scattering volumes. 
Wells et ala have investigated the phase diagram of 
La2Cu04+j, crystals and have reported neutron scatter- 
ing measurements of the low-energy magnetic excitations 
in superconducting La2Cu04+j,. The superconducting 
crystals examined by these authors have Tc's of 31-32 K 
and represent the phase on the oxygen-rich boundary 
of the first miscibility gap with an oxygen content of 
y ~ 0.055. 

For the present studies we have successfully oxy- 
genated a large single crystal with an oxygen concentra- 
tion well beyond the first miscibility gap. The bulk mag- 
netic susceptibility of the La2Cu04+j/ crystal has been 
measured with a SQUID magnetometer after cooling in 
zero field at a magnetic field of 10 G. As shown in Fig- 
ure 1(A), the transition is sharp with a rc(onset) ~ 42 K, 
significantly higher than the maximum Tc of ~ 38 K for 
Lai 85Sro.i5Cu04. The open symbols represent measure- 
ments taken on the same sample used in the neutron scat- 
tering experiments, both immediately after doping and 
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FIG. 1. A) Bulk magnetic susceptibility measured after 
several time intervals in an applied field of 10 G after cool- 
ing in zero field. The open symbols represent data taken 
with the same crystal used in the neutron scattering exper- 
iments, while the closed symbols are taken on a small piece 
which was broken off of the original crystal immediately af- 
ter doping. The vertical dotted line denotes the approxi- 
mate midpoint temperature, rc(midpoint)= 40.5 K, of the 
flux exclusion curve after the one month anneal. B) Temper- 
ature dependence of the peak intensity of the incommensu- 
rate elastic scattering, which is proportional to the square of 
the magnetic order parameter Ms- The measurements have 
been performed with two different neutron energies of 5.0 meV 
and 13.7 meV, yielding energy resolutions of 0.075 meV and 
0.45 meV (half- width at half-maximum), respectively with 
our particular choice of spectrometer collimations. The solid 
line denotes the square of the BCS order parameter, with 
Tm = 40.5 K = Tc (midpoint). 

10 months later. The solid symbols represent data taken 
on a small piece broken off of the larger neutron scat- 
tering crystal. The two pieces had identical temperature 
dependences for their susceptibilities immediately after 
doping (not shown). To correct for their drastically dif- 
ferent sample sizes, the susceptibilities of the two samples 
have been normalized to coincide at the lowest tempera- 
ture. Previous studies ofxeramic samples of electrochem- 
ically doped La2Cu04+2^ have suggested that supercon- 
ducting phases with Tc > 34 K may be unstable, exhibit- 
ing a significant diminution of Tc after annealing at room 
temperature for several days. We find that for our single 



crystal sample, after a month-long anneal at room tem- 
perature, the superconducting Tc does not decrease, but 
rather the transition sharpens to a slightly higher temper- 
ature. A 10 month anneal produces only a minimal addi- 
tional effect. All of the neutron scattering data shown in 
this paper have been taken after the one month anneal. 
It is apparent, therefore, that the superconducting phase 
with a 42 K transition temperature onset in La2Cu04+y 
is a stable phase. Attempts to measure the Meissner ef- 
fect by cooling in a magnetic field yield a paramagnetic 
signal below Tc, which is not uncommon in studies of 
sing]£-.c£jystal samples of La2Cu04-based superconduc- 
tors .E3E3. In accordance with such previous studies, we 
believe that the zero-field-cooled measurempBta^iujpjjide 
reliable evidence for bulk superconductivity.E30E3lEl 

To estimate the oxygen doping level, thermograviti- 
metric analysis has been performed on similarly doped 
single crystals from the same boule; a separate sample 
was used so as not to de-oxygenate the sample used in 
the neutron scattering measurements. The oxygen weight 
loss yields a doping level of y = 0.12 ± 0.005, which 
is substantially higher than the oxygen doping range for 
macroscopic phase separation into superconducting|-£uad. 
insulating phases. Reported titration measurementaHjS 
on powder samples of La2Cu04+y imply that an oxygen 
level of y ~ 0.12 corresponds to a hole concentration of 
p ~ 0.16. Indeed, SQUID magnetometer measurements 
of the uniform magnetization at T > Tc of our single 
crystal sample reveal iii£p±ical scaling behavior as seen 
in Sr^+ doped samplesoEj, with a Sr^+ doping level of 
X ~ 0.14 ±0.02. Also, from ^'^Cu nuclear quadrupole res- 
onance (NQR) measurements, the NQR frequency as well 
as the quantitative behavior of 1/Ti match those found 
in samples of La2-a;Sra;Cu04 with x ~ 0.15 ± 0.02.E3 
Therefore, the experimental evidence suggests that our 
crystal is a bulk superconductor with a distribution of 
holes similar in density and homogeneity to that of opti- 
mally doped, that is, x ~ 0.15, La2_a;Sra;Cu04 crystals. 
The data shown in Figure 1(B) will be described later in 
the discussion of the spin density wave peaks. 



III. STAGING BEHAVIOR 

Our oxygen doped crystal is orthorhombic at low tem- 
peratures. Undoped La2Cu04 is also orthorhombic at 
low temperatures with the Bmab space group symmetry, 
which differs from tetragonal symmetry because of the 
tilt pattern of the CuOe octahedra. One CuOe octahe- 
dron is depicted in the unit cell diagram in Figure 2(A); 
the tilt pattern causes a slight buckling of the Cu02 plane 
as shown in Figure 2(B), yielding the orthorhombic sym- 
metry. In La2Cu04+y, the interstitial oxygens modify 
the structure along the c-direction by periodically intro- 
ducing planes across which the tilt pattern reverses. The 
segregation of excess oxygen into periodic planes, known 
as staging, has been observed and explained previously 



by Wells et al.^SB for single crystals of La2Cu04+j,. Stage 
n refers to a structure in which the tilt reversal occurs 
periodically every n Cu02 layers. Therefore, increasing 
the excess oxygen content leads to structural phases with 
successively smaller staging numbers n. At low oxygen 
concentrations (0.012 < (5 < 0.055), for which phase sepa- 
ration into oxygen- rich and oxygen-poor domains occurs, 
the oxygen-ricij|^liase is stage-6 with a superconducting 
Tc of 31-32 KaOH while the oxygen-poor phase is an 
insulating antiferroniagnet. For higher oxygen concen- 
trations {6 > 0.055), the crystal remains-|entirely oxy- 
gen rich and stages 4, 3, and 2 are seen.ESl Throughout 
this paper, we use reciprocal lattice units (r.l.u.) for the 
Bmah low temperature orthorhombic crystal structure, 
for which the axes are depicted in Figure 2. The re- 
ciprocal space {H, K, L) components are given in units 
of (27r/a, 27r/6, 27r/c), where, at low temperature, the in- 
plane lattice constants are a = 5.333 A and b = 5.401 A, 
and the out-of-plane lattice constant is c = 13.18 A. 

We find, via neutron diffraction, that our La2Cu04+y 
crystal predominately possesses the tilt structure corre- 
sponding to stage-4; however smaller peaks correspond- 
ing to stage-2 and other staged phases are seen as well. 
In Figure 3, we show a scan through the staging superlat- 
tice peaks which straddle the (014) Bmah peak position 
along the L direction. For each stage n phase present, 
corresponding staging peaks occur in pairs, split by il/n 
from the Bmah position. The line through the data rep- 
resents the results of fits to pairs of staging peaks using 
Gaussian lineshapes, convolved with the resolution. The 
data indicate that the components with stage-4, fitted 
with n = 3.97(3), and stage-2, fitted with n = 2.01(1), 
account for 80% of the diffraction intensity in this scan. 
Additionally, the integrated intensity of the stage-4 peaks 
is 2.0 times larger than that of the stage-2 peaks. We find 
that the stage-2 peaks are resolution limited in the L di- 
rection, whereas the stage-4 peaks have a non-zero width 
indicating a domain size of '^240 A along the L direction. 
Both the stage-4 and stage-2 peaks are resolution limited 
along the in-plane K direction. This comparison of the 
integrated intensities of the staging peaks gives only an 
approximate measure of the phase fractions present in the 
crystal. To be more accurate, one needs to account for 
the structure factor of the staged phases, which depends 
significantly on the amplitude of the tilting of the CuOe 
octahedra. However, to a first approximation, assuming 
a uniform amplitude of the octahedral tilt throughout 
the crystal, the magnitudes of the structure factors for 
the staged phases are nearly equal. Minority phases with 
stage-6, stage-3, and undoped Bmah structures account 
for the rest of the diffraction peaks. This confirms that 
integer values for staging numbers appear to give the 
most stable phases, and that stage-5, which has yet to 
be observed in high quality single crystals, is probably 
not stable. 

Doping with mobile oxygen interstitials has the 
advantage of yielding a lower degree of dopant 
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FIG. 2. A) Unit cell of La2Cu04 depicting the orthorhom- 
bic axes. B) Diagram of the copper-oxygen plane, highlighting 
the 2D orthorhombic unit cell. C) Reciprocal space map of 
the positions of the inelastic incommensurate magnetic peaks 
in superconducting La2_a;Sra;Cu04+y. The trajectory of the 
inelastic scattering scans in Figure 4A is denoted by the line 

(1 + g, 9, 0). 

disorder. In fact, we have recently succeeded in observ- 
ing scattering directly from the ordered distribution of 
interstitial oxygen, at reciprocal lattice positions distinct 
from the staging superlattice peaksHj The annealed char- 
acter of the oxygen disorder is revealed in measurements 
linking a reduction of the superconducting Tc to the loss 
of the ordered oxygen lattice.EJ A possible disadvantage 
of having mobile oxygens is that it may be easier for 
the crystal to become macroscopically inhomogenous by 
phase separating into regions with different hole con- 
centrations. The presence of multiple staged phases in 
our crystal implies that the oxygen concentration may 
vary between the macroscopic domains with different 
staging numbers. It has been shown that the oxygen 
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FIG. 3. Scan along the L direction through the staging 
superlattice positions at T = 50 K measured with 5 meV neu- 
trons and horizontal coUimations of 30' — 40' — S — 20' — B, 
where S denotes the sample and _B is a blank collimator. The 
solid line denotes the results of a fit to pairs of staging peaks 
centered about the (014) position in addition to a small Bmab 
peak at (014), convolved with the instrumental resolution. 

concentration sharply increases between the stage-6 
phase, witli y = 0.055, and the stage-4 phase, with 
y ~ 0.11. EH However, it is not known how the intersti- 
tial oxygen concentration varies between the stage-4, 3, 
and 2 phases, which account for most of the volume of 
our crystal. Other electrochemical studies on ceramics 
and single crystals of La2Cu04+j, report that the oxy- 
gen doping level produced by thia_method saturates at 
a maximum value of y '^ 0.12.t3'E3'L3 Therefore, it ap- 
pears likely that the oxygen concentration does not vary 
substantially between the stage-4, 3, and 2 phases. This 
is eensistent with the previous measurements of Wells et 
al£3 which show that the c-axis lattice constant is the 
same for a crystal with a single stage-4 phase and one 
with simultaneous stage-4, 3, and 2 phases. High res- 
olution measurements of the c-axis lattice constant for 
our crystal give no indication that the sample has more 
than a single oxygen doped phase. Thus, we conclude 
that our sample is both highly oxygen doped and com- 
pletely oxygen-rich throughout its bulk. Also, we reit- 
erate that measurements which depend on hole density 
indicate that our La2Cu04+j, sample behaves similarly 
to La2_i^Sr^Cu04 with x ~ 0.15. Therefore, the doped 
holes in this oxygen-rich sample seem to be as uniformly 
distributed throughout the bulk as those in Sr-doped 
La2-a;Sr2;Cu04, and have an effective hole concentration 
of Uh — 0.15 ± 0.02. This is consistent with our obser- 
vation of a single, sharp superconducting transition at 
Tc(onset) — 42 K. In addition, as will be discussed next, 
our neutron scattering meausurements of the magnetism 
are consistent with scattering from a sample with a single 
hole concentration. 

We should note that we have recently developed a tech- 
nique for electrochemically doping La2Cu04+y which ap- 



pears to produce pure stage-4 material. EZI However, at 
the present time this uniformity in the staging number is 
offset by a slight decrease in Tc and increased oxygen dis- 
order. We plan neutron scattering experiments on these 
pure stage-4 systems in the near future. 



IV. INELASTIC MAGNETIC NEUTRON 
SCATTERING 

In previous inelastic neutron scattering work on stage- 
6 La2Cu04+y a, incommensurate magnetic excitations 
have been confirmed to be universal in the La2Cu04- 
based superconductors. The magnitude and direction of 
the incommensurate wavevector follows the same pattern 
as that for superconducting Sr^+ doped La2Cu04.aB In 
particular, the behavior of x (Q, ^) for La2Cu04+j, with 
Tc = 31 K is essentially identical to that for underdoped 
La2-a;Sra;Cu04 with similar T^ in which a partial sup- 
pression of the intensity of the spin excitations is seen 
as the temperature is reduced below the superconduct- 
ing Tc ■ This contrasts with the behavior in optimally 
doped La2-a;Sr2;Cu04 with x = 0.15, in which a com- 
plete gap is observed in the magnetic excitation spectrum 
in the low tempptature superconducting state for ener- 
gies < 3.5 meV.E3 This difference is probably related to 
the apparent absence of short-range or long-range SDW 
order in Lai.85Sro.i5Cu04E2l, whereas in the underdoped 
samples SDW order occurs in the superconducting state. 

We have performed inelastic neutron scattering mea- 
surements on our La2Cu04+j, sample probing the mag- 
netic excitations with an energy transfer of 2 meV both 
above and below the superconducting transition. The 
low-energy spin fluctuations in La2Cu04-based super- 
conductors consist of four peaks equally displaced from 
the antiferromagnetic zone center by an incommensurate 
wavevector S along each of the four Cu-O-Cu directions. 
This arrangement is depicted in Figure 2(C), where the 
(100) and (010) orthorhombic positions would be equiva- 
lent to each other if the crystal were tetragonal, and both 
correspond to the (4^0) position in tetragonal notation. 
Scans through two of the incommensurate peak positions 
have been taken along the trajectory {1+q, q, 0) as shown 
in Figure 2(C). Representative data collected at T = 2 K 
and T = 44 K are plotted in Figure 4(A). The sohd 
lines are the results of fits to 2D Lorentzians convolved 
with the instrumental resolution; the Lorentzian width 
is found to be less than 0.008 A~^ half-width at half- 
maximum (HWHM) and is independent of temperature 
within the errors. Such a narrow width is also seen fog 
La2-a;Sra;Cu04 crystals with a doping level close to 1/8.0 
(Note that there is a weak contaminant peak at g ~ 0.15.) 
The incommensurability is found to he S ~ 0.121(2). 
The temperature dependence of x (Q<5i^) which is pre- 
sented in Figure 4B, is strikingly different from that 
for the optimal Sr^+ doped material Lai 85Sro.i5Cu04 
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FIG. 4. A) Inelastic scans through the incommensurate 
positions along the trajectory given in Figure 2C at T = 2 K 
and T — 44 K for an energy transfer oi lu — 2 meV, mea- 
sured with 14.7 meV neutrons and horizontal collimations of 
B -60' ~ S -60' ~ B. The solid lines denote the results of 
fits to the cross section described by four incommensurate 
peaks, together with a sloping background and a weak, tem- 
perature-independent, contaminant peak on the shoulder of 
the high-q peak. The dashed line at the high-g position de- 
notes the magnetic signal. B) The imaginary part of the 
susceptibility, x {Qs,<^), extracted from the intensity of the 
scattering at the incommensurate positions via Eq. 4. 

with Tc ~ 37.5 KEj We see that, above the supercon- 
ducting transition temperature, the measured suscep- 
tibihty increases continuously as the temperature de- 
creases. However, below Tc the dynamic susceptibihty 
levels off and approaches a non-zero constant value as 
T — !■ 0, whereas for Lai.85Sro.i5Cu04 the intensity di- 
minishes to zero at low temperature. This is a clear dif- 
ference between oxygen doping and Sr^"*" doping; even 
though both Tc's appear to be optimal, the low energy 
magnetic excitations behave differently in the supercon- 
ducting state. As we shall discuss below, the non-zero 
intensity at low temperatures in the La2Cu04+y sample 



arises from scattering from spin wave excitations associ- 
ated with the SDW. A few remarks are appropriate at 
this point. First, the 2 meV inelastic peaks are sharp 
in reciprocal space, and only a single set is seen. Previ- 
ous systematic studies in La2-a:Sra;Cu04 show that the 
incommensurability of the inelastic scattering depends 
sensitively on the hole doping level for x ^ 0.125 and sat- 
urates around 1/8 for doping levels x Z 0.125. Therefore, 
since the observed value of the inelastic incommensurabil- 
ity 5 in our sample is near 1/8, this implies that the hole 
doping level is also near 1/8 or possibly higher, which 
would be consistent within the errors with our deduc- 
tion above that n^ = 0.15 ± 0.02. Additionally, since the 
width we measure is as small as that of the narrowest 
peaks observed in La2_2;Sr3;Cu04, the incommensurate 
inelastic scattering is strong evidence for a homogenous 
distribution of holes in our sample. Even if there were 
a distribution of hole concentrations in our crystal, the 
observed magnetic scattering would be attributable to 
at least one of these concentrations, and all such high 
oxygen doDiiig-,concentrations are known to be super- 
conductingBj^c3 Therefore, we conclude that these sharp 
low-energy magnetic fluctuations and the superconduc- 
tivity coexist in the same doped phase. 



V. SPIN DENSITY WAVE ORDERING 

The most important finding of this study is that we 
observe sharp elastic magnetic scattering at low temper- 
atures. The observed elastic peak positions are shown 
in Figure 5. Due to the twinning of this orthorhom- 
bic crystal, which is tetragonal at high temperatures, 
the neutrons simultaneously scatter from four twin do- 
mains. Two of the twin domains have different in-plane 
lattice constants along the same direction; thus we si- 
multaneously see both the (020) and (200) nuclear Bragg 
peaks in a single longitudinal scan. In addition, each of 
these domains has another twin counterpart which is ro- 
tated about the c-axis by a small angle (^ 0.7°) which 
is proportional to the size of the orthorhombic distor- 
tion. Since the twinning can be precisely characterized 
via scattering from the nuclear Bragg peaks, there is little 
ambiguity in interpreting the magnetic scattering. 

Almost all previous neutron scattering measurements 
of the inelastic incommensurate peaks have used a rel- 
atively wide resolution to optimize the signal to back- 
ground ratio, since the intrinsic signal is found to be 
extended in energy. In our measurements of the elas- 
tic scattering, we find that the signal is narrow in both 
energy and wavevector. Therefore, we employ a rela- 
tively narrow resolution to obtain a precise measurement 
of the peak positions and widths in reciprocal space. 
Taking a narrow mesh of scans in the (HKO) scatter- 
ing plane, we find two twin-related sets of four incom- 
mensurate peaks which share a common center at the 
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FIG. 5. Positions of the elastic incommensurate spin den- 
sity wave peaks (closed circles) in a single structural twin 
domain, deduced from our high resolution measurements. H 
and K are in orthorhombic units. The open circles represent 
SDW peaks originating from another twin domain, which we 
measure simultaneously in our scans. The trajectories for the 
scans in Figures 6(A) and 6(B) are denoted by the arrows 
through the position (1+(5h, -5k, 0). 

(100) position, and not the (010) position as shown in 
the upper portion of Figure 5. Therefore, each set of 
four peaks almost certainly originate from a single struc- 
tural twin domain. In fact, we also find incommensu- 
rate peaks about the (OIL) position (as shown in the 
lower portion of Figure 5), but at odd-integer L values, 
which we discuss further below. The intensities of the 
four peaks are observed to be identical within the errors. 
Surprisingly, we see that the incommensurate wavevector 
is not precisely aligned with the Cu-O-Cu tetragonal di- 
rection, but has different incommensurabilities along the 
orthorhombic H and K directions: 6h — 0.114(2) a* and 
5k — 0.128(2) b* . This corresponds to a rotation of the 
incommensurate wavevector by 3.3° with respect to the 
Cu-O-Cu direction. 

We show in Figures 6(A) and 6(B) elastic scans 
through the incommensurate elastic peak depicted by 
the trajectories illustrated by the arrows in the upper 
left corner of Figure 5. The measurements have been 
performed with 5 meV neutrons and the horizontal col- 
limations arc 30' — 20' — S — 20' — B, where 5* denotes 
the sample and B is a blank collimator. The observed 
peaks are extremely sharp and indeed are close to being 
resolution limited. The solid lines in the figure are 2D 
Gaussian line-shapes (with a delta function in energy) 
convolved with the instrumental resolution. The dou- 
ble peak structure in Figure 6(B) results from structural 
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FIG. 6. Elastic scans through the incommensurate peak 
position. A) Scans along the orthorhombic H direction, as 
depicted in Figure 5, for various temperatures. B) Scans 
along the orthorhombic K direction, as depicted in Figure 5. 
C) Scan of the energy transfer at a fixed incommensurate 
Q-position. The solid lines denote the results of fits to the 
cross section convolved with the resolution as described in the 
text. 

twinning. Fits to either Gaussian or Lorentzian intrinsic 
line-shapes can adequately describe the data to within 
the errors and both indicate that the in-plane static 
magnetic order is isotropically correlated over distances 
greater than 400 A. This lower bound on the extent of the 
long-range in-plane spin correlations is limited by the un- 
certainty in the instrumental resolution, which we could 
quantify to within 10% for the transverse direction. Fig- 
ure 6(C) displays data in which the energy transfer is 
scanned while the reciprocal space position is fixed at the 
peak position of the elastic signal. The observed energy 
width of the peak is also very narrow. The solid line is 



500 



300 



-£ -300 



.E 500 




3.05 3.10 3.15 

(H, -0.125, 0) 



300 




-100 - 



-£ -300 



FIG. 7. Elastic scans through the incommensurate peaks 
positions near the (300) antiferromagnetic Brillioun zone cen- 
ter position, measured with 13.7 meV neutrons and horizontal 
coUimations of 30' — 30' — S — 30' — B. The background sig- 
nal at T = 50 K has been subtracted from the data taken 
at T = 2 K. The solid lines denote the results a fit to the 
cross section convolved with the resolution as described in 
the text. The reduction in intensity here relative to that mea- 
sured around the (100) position is consistent with the Cu^^ 
magnetic form factor in La2Cu04. 

a Lorentzian lineshape in energy transfer convolved with 
the instrumental resolution, assuming the above narrow 
q-widths. The results of the fit indicate that the intrin- 
sic energy width of the peak is less than ~ 0.025 meV 
HWHM at T = 1.4 K; the instrumental energy resolution 
is 0.075 meV HWHM. We also observe incommensurate 
peaks around the (300) position, albeit with much weaker 
intensity as shown in Figure 7. After taking into account 
the instrumental resolution including the Lorentz factor 
and the crystal mosaic, wc find that the intrinsic sig- 
nal around (300) is smaller by a factor of approximately 
2.5 than that around (100). This is consistent with the 
decrease in signal that is expected froni_thc Cu^+ mag- 
netic form factor in undoped La2Cu04EJ. By contrast, 
for nuclear scattering the intrinsic signal should increase 
by Q^ _ 9 between (100) and (300). Thus, we conclude 



that the observed incommensurate elastic scattering is 
magnetic in origin. 

We next address the question of how the static spin ar- 
rangement is correlated between successive copper oxide 
planes. For this experiment, the sample is remounted on 
the spectrometer so that the c-axis and an orthorhombic 
in-plane axis are both in the scattering plane. In this 
way, reciprocal space positions corresponding to (HOL) 
may be reached, and, as a result of the twinning, (OKL) 
positions are simultaneously measured. In order to scan 
through the incommensurate position, we must tilt the 
sample by 8° to bring one of the incommensurate peaks 
into the scattering plane. From measuring the intensity 
of a "(lOL)-centered" incommensurate peak at L = 0, 
we find that the intensity is a factor of 4 times smaller 
than that measured in the (HKO) configuration. This 
is not surprising, since the neutron spectrometer has a 
broad vertical resolution which integrates the signal over 
a broad width of reciprocal space perpendicular to the 
scattering plane; hence the reduction in the detected in- 
tensity in this configuration suggests that the intrinsic 
signal is composed of diffuse peaks along the L direc- 
tion. Indeed, in pure La2Cu04 the magnetic exchange 
between nearest neighbor planes is four orders of mag- 
nitude smaller than the exchange within the plane, so 
the spins exhibit observable correlations along this out- 
of-plane direction only in the Neel phase. 

By fixing the in-plane component of the Q-vector to lie 
on the incommensurate position (1 — fe, ^k, L), we per- 
form scans along the L direction through the peak. Scans 
have been made at T = 2 K to measure the elastic mag- 
netic intensity and have been repeated at T = 50 K to 
measure the background. The background is not strictly 
flat, so we performed iJ-scans at several flxed L-positions 
and verified that the peaks are resolution limited for the 
in-plane direction and that the appearance of this reso- 
lution limited SDW peak is the only change in the scat- 
tering between 50 K and 2 K. In Figure 8(A), we show 
the L-dependence of this scattering. There is a clear 
modulation of the signal with maxima at even-integer L 
values. The peaks are broad, suggesting short-range spin 
correlations between the copper-oxide planes. We have 
also performed measurements with the alignment such 
that the measured incommensurate position was centered 
about the (OIL) position; that is, we fix the Q-vector to 
lie on the {5h, ^ — Sk, L) incommensurate position. The 
L-dependence of the magnetic intensity of this "(OIL)- 
centered" domain is shown in Figure 8(B). 

The intensity modulation of both the (lOL)- and 
(Oli)-centered scattering is reminiscent of the ordered 
spin structure of the undoped insulating parent com- 
pound La2Cu04, which has the spin direction along 
(010) aad the antiferromagnetic propagation vector along 
(100) .EJ Specifically, since La2Cu04 has an orthorhom- 
bic structure, the magnetic exchange between planes is 
not perfectly frustrated. Thus, a particular 3D stack- 
ing arrangement of the spins on nearest neighbor planes 
is observed, in which the inter-plane nearest neighbor 
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FIG. 8. Elastic scans along the L direction perpendicu- 
lar to the Cu02 planes, measured with 5 meV neutrons and 
horizontal coUimations of 30' — 40' — S* — 20' — B. A) Scan 
through the incommensurate position centered about (lOL), 
scanning along (1 — 5h, Sk, L). B) Scan through the in- 
commensurate position centered about (OIL), scanning along 
{5h, 1 — 5k, L). The solid lines denote the results of a fit 
assuming a model for the stacking arrangement and spin di- 
rection identical to that in pure La2Cu04, as described in the 
text. 

spins are aligned anti-parallel, yielding magnetic Bragg 
peaks at (HOL), with H odd and L even, and {OKL), 
with K odd and L odd. In addition, the work of Thio et 
alx^ has shown that in pure La2Cu04 the Dzyaloshinski- 
Moriya anti-symmetric exchange term in the spin Haniil- 
tonian in the orthorhombic phase favors spin alignment 
along the K direction, which is also observed here. The 
solid lines in both panels of Figure 8 represent the re- 
sults of fits to Gaussian lineshapes in the L direction 
(along with Bragg peaks for the in-plane cross section as 
discussed above) convolved with the instrumental resolu- 
tion assuming a model for the stacking arrangement and 
spin direction identical to that in pure La2Cu04 . Here, 
the only free parameters are the width of the peaks in 
L and a single overall intensity scale factor. The agree- 



ment is clearly satisfactory, and the fitted width indi- 
cates that, within a finite-size domain model, the spins 
are correlated over ~ 13 A in the L direction, or across 
2-3 Cu02 planes. As can be seen from Eq. 3, if the spins 
order coUinearly, the neutron cross section depends on 
the angle 9 between the Q scattering vector and the or- 
dered spin direction by a factor which can be written 
as s\T?{9). The relative intensities of all of the peaks 
in Figure 8, especially the growth in the peak intensity 
for the (OlL)-centered scattering for increasing L shown 
in Figure 8(B), are consistent with this geometrical fac- 
tor if the copper spin direction is fixed along the (010) 
direction. We have explicitly verified via K-scaim that 
the (OlL)-centered scattering at i = 3 is significantly 
greater than that at i = 1 and is resolution limited for 
this in-plane direction. Here, the magnetic form factor 
is assumed not to vary significantly over the range of 
L values acaniied here, similar to the situation in pure 
La2Cu04Oa However, we do account for instrumental 
resolution effects which weakly modify the intensity over 
the course of the scan. We conclude that the stacking 
arrangement of the magnetically ordered planes in our 
La2Cu04+j^ sample is the same as that of the undoped 
Mott insulator La2Cu04, even though the material is 
superconducting and the magnetic scattering is incom- 
mensurate. This is direct and compelling evidence that 
the magnetism of the doped superconductors is related 
to the magnetism in the undoped insulators in a very 
specific way. 

We show in Figure 1(B) the peak intensity of the elas- 
tic signal as a function of temperature measured using 
both 5 meV and 13.7 meV neutrons. The fact that one 
obtains identical results for the temperature dependences 
of the intensities with these two different neutron energies 
and, concomitantly, energy resolutions implies that the 
scattering is truly elastic. We note that since the peak 
widths do not vary with temperature to within the er- 
rors, the peak intensity is proportional to the integrated 
intensity. The intensity of the elastic scattering turns on 
at approximately the same temperature as the onset of 
superconductivity. With decreasing temperature, the in- 
tensity increases at first approximately linearly and then 
crosses over to a saturation level at the lowest tempera- 
tures. Noting that the intensity of the magnetic scatter- 
ing is proportional to the square of the magnetic order 
parameter, we have plotted the square of the Bardeen- 
Cooper-Schrieffer (BCS) weak coupling order parameter 
curve together with the data using a T™ of 40.5 K equal 
to Tc (midpoint) 2± 40.5 K. The good agreement demon- 
strates, at the minimum, that the magnetism exhibits 
mean field behavior. This is very surprising given the 
two dimensionality of the ordered magnetism. 

The size of the average ordered moment at base tem- 
perature has been estimated several ways. We com- 
pare the magnetic signal to that from a crystal of pure 
La2Cu04, for which we know that the ordered moment in 
the Neel state is ~ 0.55^b, on the same spectrometer un- 
der identical conditions. Also, we have made comparisons 
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with a vanadium standard and with the weak (004) Bragg 
reflection in the same crystal for which extinction is not 
a significant factor. All three comparisons yield consis- 
tent results, with the size of the average ordered moment 
of the SDW equal to 0.15 ± 0.05^3 at T = 1.4 K. For 
the purposes of this estimate, we have assumed a simple 
model for the SDW order, in the form of magnetic stripes 
with a width of three spiiis, separated by non-magnetic 
anti-phase domain walls .EJ In this case, one requires the 
presence of two magnetic twin domains of stripes which 
are oriented at 90° relative to each other in order to ac- 
count for the four incommensurate peaks. Even if we 
use a different model for the spin order, such as a two- 
dimensional square grid of anti-phase domain walls, the 
variation in the size of the calculated ordered moment is 
within the error as quoted above. We note that in both 
such simple candidate models, the predicted third har- 
monic peaks are extremely weak (< 5%), and in fact we 
are not able to observe them above the background. 



VI. DISCUSSION 

The existence of either short or long-range ordered 
incommensurate spin density wave peaks now appears 
to be a common feature of the La2Cu04-family of su- 
perconductors. Such peaks have been observed for sev- 
eral different Sr^+ doping levels in Nd'^+ co-doped sam- 
ples of Lai.6-2;Ndo.4Sra;Cu04ll3, aa.well as in purely Sr^+ 
doped samples of La2-a;Sra;Cu04E2l. Here we have shown 
that the SDW peaks are clearly seen in oxygen doped 
samples, as well. For the Lai.6-a;Ndo.4Sra;Cu04 sam- 
ples, the SDW ordering and superconductivity coexist 
but have different transition temperatures with Tm > Tc 
for x = 0.12 and x = 0.15, and T„ ~ T^ for x = 0.20. 
For La2-a;Sra;Cu04, recent experiments suggest that Tc 
> Tm for 0.10 <x< 0.135 with T^ ~ T^ at x = 0.12. For 
both of these series of compounds, which involve Sr^+ 
doping, the quenched randomness of the Sr^+ dopants 
implies that the hole doping must be fairly homoge- 
nous. That is, macroscopic phase separation is prevented 
by the tendency of the holes to remain in the vicinity 
of their donor atoms. Hence, it is unlikely that that 
the magnetic order and the superconductivity occur in 
macroscopically distinct phase-separated regions of the 
single crystal samples. In fact, recent /uSR and magne- 
tization experiments confirm that the previously stud- 
ied LaMfrNd«.4Sro.i5Cu04 crystal is a bulk supercon- 
ductor .EjOffl The coexistence of SDW order and super- 
conductivity for the many superconducting compositions 
mentioned above argues strongly against their resulting 
from sample inhomogeneity. Thus, it appears that there 
is true phase coexistence of superconductivity and long- 
range incommensurate magnetic order in our La2Cu04.i2 
sample. Of course, we cannot rule out phase separation 
on short length scales, such as into alternating supercon- 
ducting and SDW lamellae. 



The character of the SDW in the La2Cu04+y system 
is clearly of the same fundamental nature as that of its 
Sr^+-doped brethren, yet is more ideal in several respects. 
The superconducting Tc and SDW ordering T„i occur at 
the same onset temperature ~ 42 iiT to within the un- 
certainties, and both temperatures are higher than the 
highest respective temperatures for Sr^+ doped materi- 
als. It had initially been believed that the SDW phase 
in Lai.6-a:Ndo.4Sra;Cu04 ordered near '^ 50 K; how- 
ever, a subsequent analysis shows that the magnetic or- 
der above 30 K is of short-range, and the orderiag below 
30 K is more consistent with glassy behavior .EJ As dis- 
cussed above for our crystal of La2Cu04+y, we see very 
similar behavior for incident neutron energies of 5 meV 
and 13.7 meV, which integrate over significantly differ- 
ent energy windows (0.075 versus 0.45 meV HWHM, re- 
spectively, with our particular choice for spectrometer 
collimations) . Thus, the magnetic intensity measured 
throughout the entire temperature range below ^^ 40 K is 
predominately static; /iSR studies on our samples would 
determine this more precisely. It is apparent that both 
Tc and Tm can be depressed in a particular system by, 
for example, structural distortions, impurities, or dopant 
disorder. Although we cannot rule out a coincidence, the 
ordering of the spin density wave at the same tempera- 
ture as the superconductivity in our La2Cu04+j^ sample 
and the observation that both have the highest ordering 
temperatures for the respective phenomena in La2Cu04- 
based materials suggest that the magnetism and the su- 
perconductivity are synergistic; further, both are quite 
sensitive to disorder in the Cu02 planes. 

It is now clearly demonstrated that the SDW ex- 
ists in an orthorhombic crystal structure. In fact, the 
anisotropy between the in-plane a and b axes is reflected 
in the ordering pattern of the spins, which have dif- 
ferent incommensurabilities Sh and Sk- Thus^as sug- 
gested by the previous work of Kimura et alEB in the 
La2-2:Sr2,Cu04 system, SDW order in the cuprates is 
a general phenomenon. The magnitude of the long- 
range ordered moment at T = 1.4 K for superconducting 
La2Cu04+j^ is about 25% of that in the undoped anti- 
ferromagnet La2Cu04. This is larger than the moment 
found in the LTT phase of Lai.48Ndo.4Sro.i2Cu04llj; 
therefore, the LTT structure does not enhance the mag- 
netic ordering relative to an orthorhombic structure. 
Our La2Cu04+y sample is to-date the only material 
in which the magnetic scattering is observed clearly to 
saturate at low temperature, indicating that the long- 
range moment is fully ordered. Unlike the situation in 
the Lai.e_2;Ndo.4Sr2:Cu04 material we cannot yet draw 
any conclusion regarding possible charge ordering. Scans 
through the positions of the charge orde&|»eaks which 
were observed in Lai.48Ndo.4Sro.i2Cu04Eja exhibited 
a large sloping background in our La2Cu04-(-j, sample 
due to the close proximity of the scatteriog from the or- 
dered distribution of oxygen interstitialg£3, precluding a 
firm determination of the existence of charge ordering. 
We note that since neutrons scatter from small nuclear 
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displacements induced by the modulated charge density, 
the strength of the nuclear superlattice peaks associated 
with any charge ordering may differ between the LTT 
and LTO structures, even though the SDW scattering 
is similar. Preliminary ^■^Cu NMR results, on a small 
piece of our crystal by Imai and coworker£3 support an 
interpretation of the appearance of charge ordering in 
La2Cu04.i2 below ~ 55 K with a temperature depen- 
dence similar to that—observed in Lai.6-2;Ndo.4Sra:Cu04 
by the same methodH. 

The observation of static long range order is interesting 
in light of the possibility of the existence of a quantum 
critical point in the cuprate phase diagram. Of course, 
since true long range order cannot exist at non-zero tem- 
peratures in a 2D system with a continuous symmetry, 
some spin anisotropy or 3D coupling must be present. 
In this case, it appears to be the Dzyaloshinskii-Moriya 
(DM) coupling which breaks the continuous symmetry 
and makes possible a transition to two-dimensional long- 
range order at non-zero temperature. However, an alge- 
braic decay state is not ruled out, so long as the spins 
are correlated over very large distances (> 400 A). We 
note that in a model, such as the aforementioned stripe 
model, with antiphase domain boundaries between or- 
dered spins, the out-of-plane spin canting due to the DM 
coupling will point in opposite directions on either side of 
a domain wall. This is a special case of the more general 
result that due to the DM coupling, an antifcrromagnctic 
SDW with incommensurability S will give rise to a canted 
moment with wavevector —S. As a consequence, each 
Cu02 plane will have no net ferromagnetic moment, coa- 
sistent with preliminary magnetization measurementscj, 
and in contrast to the weak ferromagnetic moment ob- 
served in pure La2Cu04c3. For the low-energy inelastic 
incommensurate scattering, which is believed to be pri- 
marily two-dimensional, the 2 meV dynamical correlation 
length above Tm is exceedingly large, ^ 125 A, which 
is similar to that measured near the special x — 1/8 
doping level in La2_2;Sr2;CuO40. Recently, AeppU and 
co-workersQ have reported pre-divergent behavior in the 
dynamical properties of Lai.86Sro.i4Cu04, albeit with a 
shorter correlation length of 30 A. In this work we clearly 
see an ordered magnetic phase at an intermediate dop- 
ing level of the cuprate phase diagram. Even though 
the spins are correlated three-dimensionally, the fact that 
the in-plane correlations have long-range order and the 
between-plane correlations do not, necessitates that the 
phase transition is driven by the 2D correlations of a sin- 
gle Cu02 plane. Clearly, studies of the associated 2D 
critical fluctuations would be most interesting. 

The absence of extinction of the 2 meV spin excita- 
tions as one cools below Tc may now be simply explained. 
Since our La2Cu04+j, sample has a long-range ordered 
ground state, spin wave excitations, which have a tem- 
perature independent generalized susceptibility at low T, 
are expected once the sample is cooled below T^. This is 
clearly consistent with the data in Fig. 4(B). In addition. 
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Kimura et ali£i have shown that La2-a;Sr2;Cu04with 
X — 0.15 does not support a static spin density wave. 
Again, this is consistent with the inelastic scattering 
dataEj which show a complete gap in the spin excita- 
tions at low temperatures for energies < 3.5 nicV. Our 
measurements also highlight the need to carry out high 
resolution measurements of the inelastic magnetic scat- 
tering in La2Cu04.i2 to search for dynamic manifesta- 
tions of the anisotropic incommensurabilities Sh and 5k 
seen in the elastic scattering. 

The observed characteristics of the SDW argue against 
an itinerant electron description of the incommensurate 
magnetism. Specifically, it is difficult to see how a first 
principles' delocalized model would predict both inter- 
planar spin correlations and a spin direction which are 
identical to those in the undoped insulator, La2Cu04. 
Also, assuming that the elastic magnetic peaks originate 
from particle-hole scattering across the Fermi surface of a 
superconducting condensate, the wavevector should span 
from node to node of the presumed d^^^y^ supercon- 
ducting order parameter. Such a wavevector would lie 
along the (i/00) direction; we find no observable scatter- 
ing along this direction, but only at the aforementioned 
incommensurate positions. Therefore, even in the su- 
perconductor, the magnetism reffects in detail its Mott- 
insulator parentage. Additionally, our observations are 
incompatible with any spiraktypc incommensurate mod- 
ulation of the spin directionO 

A plausible explanation of the SDW peaks is a 
stripe model similarj— .to, that proposed to describe 
Laj_^_a;Ndo.4Sra;Cu04li3li3 and as simulated by Kim et 
alx^. If stripes are indeed present, then our data impose 
several important constraints on the model. First, the 
stripes are not perfectly aligned with the Cu-O-Cu di- 
rection, but are slightly rotated. That is, they are tilted 
by ^ 3° from perfect orientational alignment with the 
underlying spin lattice. This is equivalent to a kink by 
1 lattice constant every 17 unit cells. Second, in or- 
der to give the observed L-dependence, the stripes on 
neighboring planes must be parallel with each other with 
the charge domain walls projected nearly on top of each 
other. This preserves the phase of the 3D spin propa- 
gation wavevector. Third, there must exist two types of 
magnetic twin domains composed of stripes in orthogonal 
directions with approximately equal populations. Alter- 
natively, a grid model, in which there is a rectangular 
array of antiphase domain walls running along the or- 
thorhombic directions, is also consistent with the data. 
Such a model would more naturally account for the differ- 
ing 5h and 5k incommensurabilities by having different 
domain wall spacings along the two orthorhombic direc- 
tions. Further experimental investigation of any asso- 
ciated charge ordering is crucial in order to distinguish 
between these and possibly other models. 
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